Impact of a non-universal Z’ on the B — K™+~ and

B — K"y processes
(based on Symmetry 13 (2021) 2, 191 and Phys.Rev.D 107 (2023) 11, 115033)

Alexander Bednyakov, Alfila Mukhaeva

JOINT INSTITUTE
FOR NUCLEAR RESEARCH

Joint Institute for Nuclear Research, Russia,
Bogolyubov Laboratory of Theoretical Physics (BLTP)

‘Workshop on the Standard Model and Beyond

Corfu, 2023

Alfiia Mukhaeva (JINR, BLTP) Corfu, 2023 1/18



Outline

@ Motivation

© UvpMSSM description
© WEFT Hamiltonian

@ Phenomenological analysis

@ Results

Alfiia Mukhaeva (JINR, BLTP)

Corfu, 2023

2/18



Flavour anomalies

@ ~ 0.20 in Rg [LHCb:2022zom|

1160  BR(B— Kutp~) 10.042
Ry = BR(B = Keve) Keter) — 0.9497 047 (stat.) £ 0.022(syst.)

@ ~ 020 in R}, [LHCb:2022zom|

1160 _ BR(By — K*ptpu™)
" =

=1.02779-972 4 0.027
BR(Bo — K*ete™) —0.068

4-6.0]

@ ~ 250 in P! = 0.439 £ 0.111 = 0.036 [Phys.Rev.Lett. 125 (2020) 1, 011802

@ The mass difference of the neutral Bs — Bs meson system

AME*P = (17.765 + 0.004) ps—!,  [HFLAV, 2023]
AMSM = (18.774+0.76) ps~'  [Amhis:2019ckw]

@ ~ 240 in BR(Bs — utu™)

(Bs = ptp™)F*P = 3.45 +0.29, [HFLAV, 2023]
(Bs = pTu™)"M =368+£0.14  [JHEP 11 (2022) 099]
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b — svv decays

@ B — K™ up theoretically much cleaner than B — K*IT[~;

@ Experimentally quite challenging due to two missing neutrinos

— No signal has been observed so far;

@ Inclusive tagging technique from Belle II has higher efficiency ~ 4%

[2105.05754]
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UvgMSSM description

o U(1) extension of MSSM with gauge structure:

SU(3) x SU(2) x U(1) x U(1)’

@ MSSM chiral multiplets + singlet superfield S (allows one to break U(1)
spontaneously and generate mass for the corresponding Z’ boson);

v§ - S (a=3,b=-2,¢c=-1);

@ Non-universal charges for ACCs:

Alfiia Mukhaeva (JINR, BLTP)

Three right-handed chiral superfields v , 5;
Q' =a(B—L)3+b(Ly — L3) + ¢(Ly; — Ly) and made the substitutions Ly — Hyg,

field | Q" || field | Q" || field | @’
Qiz | 0 JUf, | 0 || Dfy | O
Qs | +1 | US | -1 DS | -1
Lio | =1 || Ef,y | +1 Vig | +1
Is | 0 | BS | +1] £ | 0
H; | —1 H, 0 S +1
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@ Superpotential:

W= > YIQiHUS +Y¥QsH,US — (QsHy)(
i,j=1,2

P+ Y2D5)

+ > YPLiHWwW + Myvsv§ + Y. LaHys
i,j=1,2

- (L3 Hd) (Yegl

L3 grZl, [byab+ tyat]

— 987,

i=1,2

@ Non-holomorphic soft SUSY-breaking terms

soft

ZZC”(H L) ES + CF

i=1j5=1

> (lirvalin + ZiLYavin) + Zirvavir)

¢+ YPES + Y23ER) + A\ SHuHy
@ The gauge field Z’ couples to quarks and leptons as

Z zR’YOé iR

Hjgsds + H Y CPaids
i,j=1,2

+H (QCF + @CF) a5 + H (WCY +12C2) 55 + he

vy
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@ U)o xUB)L xUB)p xUB)y xUB)g x U(3)y, U(1) breaks this symmetry down to

Ufla.'uou'r = [U(Q)le : U(I)Qg] X [U(2)U12 : U(l)Ug] X [U(2)D12 U(I)Dg}
X [U@) L1z - U Ls] - [UB)E] X [U(2)wrs - UM)us] s (4)

@ Mass matrices breaks Ufiqyour down to

UB 1) x UL 1), MY =0
Uflavour — ( ) ( ) i (5)

UB(1)7 M3 7£ 0

(]
N = 14pe + 14m,  NigP*™ = 16Re + 161m + (1ge + 1rm) My 0, (6)
k 1
Ng:oakzn = 3angles + (12 - 1)Pha5557 Nbiﬁ?ﬁ = 5angle.s + 14pha5€5 - (1phases)]\4§:0 (7)
Therefore
k lept

Nipos =Uge +3mm, Njpbo" =11ge +31m + (Lre) My 0- (8)

In the quark sector: 6 quark masses, 3 CKM angles and 1 CKM phase + (a13, a23), (¢13, ¢23)-
In the lepton sector: (M§ = 0): 6 lepton masses, 3 CKM angles and 3 angles and 1
CP-violating phase in PMNS + (B13, B23), (X13, X23)-
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@ The mixing-matrices elements for quarks Vi (g) 3, are defined as

d _—i d d —i d d
VL3¢ = {*5136 213, —cf3sze ¢23,013023}7

d —i d od —i d .d
v _ {—mbmsslse i$13 —mpmgciss§ze ’¢23,msmd013023} B
R,3¢g — 5 B 2.2 ) ( )
\/md(mbs23 +m3cdg)ety + mimisty

while for leptons one can write
IX1¢ e e _ixas e e _
Via = {—sﬁSGZXU, —c{3s53€ X237013023}, Vra3 =1, (10)
{mul Ui, mu, Ul2»mu3U13}

Viz, = {011,012,013}, VR,30 = = —. (11)
\/m U312 + m2, U2 |2 + m2, |U1]2
For convenience, we introduce the following shorthand notation
U, = cf3(Uricss — Um-s§3efi"23) — Ueisj”Sefinf’, 1 ={1,2,3}, (12)
with Uy, ; being the matrix elements of the PMNS matrix.
Corfu, 2023 8/18
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@ The gauge field Z’ couples to quarks and leptons as

ALy = gpI*Zl, (13)

JYD Z |:VR,3qV§73q/ (5qR'VOéDq’R) + VL,SqV[igq/ (ﬁqL'Ya,Dq’L)]

q,9’=1,3

- > [6”’(?1'70481/+Nl7a~/vl’)_VZ,3ZVL,3U(§ZL’Y&€Z/L)]
1,I'=1,3

+ Y ViaVesr NorvaNon) + Vi s Vesw NurvaNyr)| . (14)
vv/=1,3

@ We can introduce the following notation

’ ’
qq’ — * qq’ _ *
9, =VL,3qVL 3¢ 9r =VR3¢VR 3¢
wo_ * nw _
9 =VLaVE s — 0w, 9r =1,
4 — * 4 J—
gl[/,V = VL,SVVLygyl - 51/1//’ g}u%u = VR,3UV§,3V/ - 6V1/’7 (15)

where gg/(R) are the left-handed (right-handed) couplings of the Z’ boson to leptons, gzz%) to

!
neutrinos and g%%m to quarks.

Alfiia Mukhaeva (JINR, BLTP) Corfu, 2023 9/18



Effective Electroweak Hamiltonian for b — s FCNCs

The effective four-fermion Hamiltonian after integrating out the heavy Z’

’ g g _ — ’ ’
HEyp = MEZ Jad® D Mg 952 (57" PLb)[17a (gl Pr + gi% Pr)I]

97 a
+ M’ﬁ 9% (57 Prb)[Iva (g1 P + g Pr)l]
Z/
+ 2M2 (QL(R>) (3v* P (r)b)(37* PL(r)b)
92 _ _
* 2z, W GR) (7 PLb)(s° Prb)
92 o _
+ 5 9E (57 PLb)[Pvalgr” "PL+ g% PR)V]
Z/

93
+ M’i 9% (57 Prb) (770 (97" Pr + g% Pr)V'] + h.c.

where G — Fermi constant, V3, V5 — CKM matrix element,
C; () — Wilson coefficients, O;(11) — Four-fermion operators for b — s transition
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Wilson coefficients induced by the Z" exchange

Hepp = CiO; +he.

2 2
’ g ’ ’ g ’
cl =NZEg¥lgr+gr)t Y =NE-g¥lgr + gL,
M2, M2,

2 2
’ g ’ ’ g ’
Cio =N-"E-gp’lgr —gr)" O =N"E-g¥lgr — 9],

M2, M2,
v’ ng bs v v’ 92E bs vv
CL" =Nyl CL =Ny orlorl™,
zZ! z'
’ g2 g2 v
cp' =NE ol opY =N Ve 9% lgrl""
z' z'
1 g 1
Cbs E gbs 2 Cbs _ bs
LL(RR) = 4\[GF7(V}Z,V*)2 M2, (9L(r)) LR 42\fGF(thV{§)E M )95,
where the overall factor is given by N = W
FoeVip
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Phenomenological model analysis

@ Fit performed using python flavio package;
@ Observable list:
FITy: Bs — Bs; Bs — putu~; Rx (Bt — Kll), Ri+(B° — K*ll); Bt — Kvv; B — Xsutu—;
B — Xsete ; BOt - K(*);ﬂru’; BY » K*ete™; Bs — ¢utpu—; By — K*Oete;
BY — ¢utp.
FIT3: FIT1 + CP-asymmetries A;=3 4 5.65,7,8,9, and Acp for BOt & K*utpu—.
CP-violating

CP-conserving

a3 = (8+2)-1073, agz = 0.34 £ 0.08,
B13 = 0.76 +0.17, B23 = 0.0 £ 0.3,

My /g5 = 18.4+ 1.7TeV,

¢13 = unconstrained, ¢23 = —0.65 £ 0.24,
X13 = x23 = 0..

a13 = (2.0£4) - 1073, o3 = —0.207 £ 0.022,
B13 = 0.61+0.10, B23 =0+ 0.5,

Mg /g = 16.1 £ 0.6TeV,

13 = ¢23 = X13 = x23 =0,
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Predictions for several b — s

observables

Obs SM Exp FIT 1 FIT 2

Ry (BH)[1-1,6.0] 140.01 0.9497059% 1 0022 0.894+0.011 | 0.897 £ 0.012

R (BO)1-1,6.0] 140.01 1.02770-972 + 0.027 0.955 +0.025 | 0.923 £ 0.032

i —0.757 £ 0.077 | —0.439 £0.111 £ 0.036 | —0.53+0.13 | —0.56 + 0.13

AMp_,ps | 18.77 £ 0.76 17.765 + 0.004 17.74 & 2.45 17.27 £ 1.19

B(Bs — pp) - 109 3.68 £ 0.14 3.45 + 0.297 3.69 & 0.23 3.68 £ 0.22

B(BT - KTuvp) x 10°° 4.6+ 0.5 11 4 4,< 19 5.38 + 0.38 5.22 & 0.34

B(BY - K9%w) x 10~° 4.1+ 0.5 < 26 4.99 4 0.31 4.83 4 0.32

B(BY — K%*vi) x 10 © 9.6 £ 0.9 <18 10.10 & 1.46 10.30 £ 1.36

B(BT - KT*up) x 106 9.6 + 0.9 < 61 10.90 + 1.33 11.10 4 0.96
0 -

pB oK vy 0.47 £0.03 - 0.479 £ 0.05 0.484 % 0.06

RVY 1 2.4 +0.9 1.14 £ 0.028 1.10 + 0.024

R7 1 < 1.9 1.07 4+ 0.024 1.08 + 0.022

! January 2023 HFLAV average that takes into account recent results of LHCb
[Phys.Rev.Lett. 128 (2022) 4, 041801] and CMS [Phys.Lett.B 842-(2023) 137955 |

Corfu, 2023
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Prediction of certain angular CP asymmetries in
B - K*u*tpu~ and BY — K*tutu~ in the central- and high-¢?
region

1.1,6 1.1,6 1.1,6 1.1,6 1.1,6
AT AL AT [ AR () %) | AR (k) (%)
EXP | —457:54+06 | —477:5+08 | —33755+04 —9.4+4.7 04428
FIT; | 024+0.11 0.03 + 0.04 0.02 £ 0.01 0.05 + 0.09 0.09 = 0.09
FIT, | 0.32+0.13 —240F1.26 | —024F0.14 0.10 + 0.68 —0.26 £0.78
15,19 15,19 15,19 15,19 15,19
AT | Al oe) [ A0 | AR (%) | AL ) (%)
EXP | —4.0735+06 | 25735403 | 61735402 —TA+44 —0.5+3.0
FIT; | 0.011+0.08 —0.01£0.02 | —0.03%0.02 —0.10 £ 0.05 —0.21 £ 0.11
FIT, | 0.014+0.08 —0.44+0.24 | —0.69F0.20 —1.18 £ 0.44 —2.99F1.24
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Angle and phase dependence for several b — s observables
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Dependencies between Acp in BY — K*u™p~ and Ag, Ay in
the central-¢? region

0.20 0.20
0.18 0.18
0.16 0.16
— 0.4 N — 0.14
g 012 g 012
o, o3
=P =23
< 0.10 = 0.10
0.08 N 0.08
0.06 0.06
. .
0.04 0.04
- 6 - -4 -3 -2 -1 0 ~0.6 ~04 -0.2 0.0 0.2
[1.1.6] /¢, [1.1,6] /0,
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Future prospects

o A;, S; and Acp measurements for B — K*utp~ decay:

3£b=! [JHEP 02 (2016) 104]: ~ 4 — 6%

4.7fb=1 [Phys.Rev.Lett. 125 (2020) 1, 011802]: ~ 2 — 4%

50fb~! [LHCb:2022ine|: ~ 1 — 1.5%

300fb~! [LHCb:2022ine|: ~ 0.4 — 0.6%

Thus, the enhancements in Ag and Agp(K) predicted by FITs can be
tested experimentally.

o Dineutrino modes [Belle-11:2022cgf| 50ab™!: R%? 0.08 and RY%. 0.23.
Obviously, this is not enough to favour or exclude our benchmark points.
Nevertheless, some scenarios lying in the vicinity of the FITs, predict

RYY ~ 1.3 —1.35, and, thus, can be probed by future Belle II
measurements.

v

vV vy
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Results

Sizeable CP violation in BY — K*uTu~ observables, for example, in

A[l 1,61 A[15 19}(K) and A[Cliilg] (K™), is predicted;

Have found that Acp(K (*)) can be enhanced only in high-¢? region up to
~ —8% for K-mode and up to ~ —4% for K*-mode;

Have observed that the triple product A7, Ag, Ag asymmetries are more
prominent to the new CP violating phase, and can attain a few percent in
the central- and high-¢?;

e Estimated future prospects of A;, S; and Acp measurements for
B° — K*pu*p~ decay and for dineutrino modes.

Thank you for your attention!
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